Preparation of novel chiral gold nanoparticles (AuNP) is described. The major advantage of nanoparticles is to combine the easy handling of solid-supported ligands and the efficiency of soluble ligands, as the molecular size of the support approaches the minimum. This is even of industrial interest, because this kind of technology offers a way of avoiding leaching of the catalyst metal in the reaction and separation of the entire catalyst using simple filtration. In this paper, we describe the attachment of a chiral soluble PyOX-ligand on a nano support via simple ligand exchange. As a result, we achieved a core smaller than ever before in experimental chemistry (1.2 ± 0.2 nm) and promising enantioselectivity in a preliminary test reaction.
Introduction
Applications of gold have been known for at least four centuries, starting from medicinal purposes against various diseases. During the last two decades, gold colloids have gathered a great deal of interest among scientists. 1 Particularly during this millennium gold colloids have become one of the hottest research areas, mostly due to the discovery of the differing properties of small gold clusters, "nanoparticles", from both organic molecules and bulk metals. It was discovered that a 1-10 nm diameter of the particle would give rise to the observed properties. 2 In this paper we present a new approach to meet the highly demanding challenges: use of nanostructured particles for catalyst construction. We have demonstrated the feasibility of such an approach by utilizing gold nanoparticles of unprecedented dimensions available for the first time. This approach will pave the way for a new avenue to nearly solution phase catalysis, where the catalyst species is still separable by modern separation techniques such as ultrafiltration.
Solution phase catalysis usually gives virtually diffusion controlled kinetics. The contact between the active catalyst (often a transition metal -organic ligand complex) with the reacting partner is tight, and thus the selectivity is highly predictable and tunable. However, downstream processing is hampered by the practically unavoidable leakage of the (catalyst) metal into to the product, which can even completely prohibit the use of such processes, e.g. at a late stage in the synthesis of Active Pharmaceutical Ingredients. Attachment of the solution phase catalyst to a solid support by covalent linkage avoids the leakage problem. A common misconception is that heterogeneous catalysis is desirable, as the catalyst is mechanically easily separable from the reaction mixture by simple filtration or decantation. However, in comparison to homogeneous catalysis, covalent attachment of the catalyst to a solid support typically leads to reduced catalytic activity (especially selectivity), slower reaction rates due to transport phenomena, lack of accessibility of active catalytic sites and leaching of the supported catalyst species. 3 The first gold particle, prepared in 1981, was the triphenylphosphine-stabilized Schmid´s cluster. 4 When practical synthesis of gold nanoparticles is of concern, the major discovery was the Brust-Schiffrin synthesis in 1994. 5 It made possible the synthesis of air stable nanoparticles and the use of various solvents through hexanethiolate stabilization of the particles. The synthetic value lay in the possibility to differentiate the size of the gold core by precipitation. New applications have been made using the Brust-Schiffrin -protocol, including water-soluble particles 6 and other clusters, coated with simply functionalized small molecules (monolayerprotected). 7 Self-assembly of the layers on gold surface has also been reported, 8 as well as syntheses giving the opportunity to adjust the core size. 9 Ionic liquids have also been used in the synthesis of nanoparticles. 10 To utilize the desired properties of certain metals (e.g. magnetism), also bimetallic cores have been prepared. These bimetallic cores contain an outer layer of gold and the core within of e.g. copper, 11 cobalt, 12 palladium 13 or europium. 14 The core size has also been reported to affect the reactivity of nanoparticles. 15 Gold nanoparticles have been used as catalysts in carbon-carbon bond formations, e.g. homocoupling of phenylboronic acid. 16 Applications on drug discovery are also reported. 17 To our knowledge, there have been very few reports on chiral gold nanoparticles up to date. 18 We now report a new chiral nanoligand with a gold core smaller than ever before in experimental chemistry. Since the dimensions of the gold core of our novel particle match those calculated by Johansson et al., 19 it is suggestive that we have formed a 32-atom gold cluster, resembling a fullerene structure.
Results and Discussion
Our approach to the novel nanoparticle was based on ligand exchange. We prepared the hexanethiolate-passivated particles using the Brust-Schiffrin method. 5 The Brust-Schiffrinparticles 1 (Scheme 1) were dissolved in toluene and the novel thiol containing PyOX-ligand, 20 was added to the solution in an equimolar ratio. After 25 days, the thermodynamic equilibrium was reached, and the particles were isolated by precipitation with ethanol. Earlier than this could no particles be precipitated this way (at 20 days), probably due to the existence of larger (and more soluble) particles (e.g. 1, see Figure 2 ). We have firstly used elemental analysis as an accurate method to determine the composition of our nanoparticle. The CHN-analysis also gives the ratios between different ligands and gold atoms. These ratios, as well as the character of different atoms and the surface composition, were further explored by ESCA analysis. TEM imaging was used to determine the physical size and the size distribution of the gold core and, in combination with the other techniques, the stoichiometry of the entire cluster. Additionally, the ESCA analysis revealed that all ligands were located on the surface of the cluster, as calculated from the CHN-composition and as also concluded by Johansson et al.
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The novel PyOX ligand, used to replace the hexanethiolate groups in the cluster, was synthesized in our laboratory exclusively for this purpose. 20 Our ligand forms a chiral overlap over the hexanethiolate groups in a suitable way so that the ligand is of the perfect dimension to attach on the gold surface in a 1:1 ratio with the achiral hexanethiolate groups and give the steering chiral information for the entire nano cluster. A larger gold core would lead to more space between the groups and the organized structure would be lost. From the increased percentage of nitrogen and carbon on CHN-analysis, a total ratio of 1:1 between the PyOX-ligand and the hexanethiolate group was observed (Scheme 1). Since the gold and sulphur ratio also could be calculated equimolar from the CHN-data on 1, 21 the overall atomic ratio of Au : S : N = 1 : 1 : 1, indicating that all gold atoms are attached to sulphur on the surface in ligands 1 and 2 21 and the gold core would thus be hollow. This observation is in accordance with the results of the ESCA analysis. The size distribution of our particles was determined using TEM microscopy. The particles were quite uniformly sized with a distribution maximum at 1.2 ± 0.2 nm (Figures 1 and 2 ). To our knowledge, particles of this size have never been experimentally synthesized. Both water soluble, 6 and achiral catalytially active 22, 23 gold nanoparticles with a diameter below 2 nm have, however, been previously reported. The TEM images also show that the chirally coated particles are much smaller and show narrower size distribution than the hexanethiolate coated particles (Figures 1 and 2) . 
ISSN 1424-6376
Page 80 © ARKAT
Catalytic activity
The chiral AuNP 2 was tested for catalytic activity. The test reaction used was the alkylation of chalconol acetate 3 with dimethyl malonate (Scheme 2). The catalyst was prepared by complexing 6 mol-% of ligand 2 and 2 mol-% of allylpalladium chloride at elevated temperature (50°C). To the cooled (-78°C) solution were added ester 3, dimethyl malonate and the bases, and the reaction was carried out first at room temperature (30 h) and then at 40°C (16 h).
Enantioselectivities were recorded using chiral HPLC and the evaluation of the stereochemistry was based on earlier literature studies. In order to evaluate the catalyst efficiency of 2, the test reaction was performed with both polymer-supported and soluble PyOX-ligands 5 and 6-7, respectively, with an ester functionality at the 5-position of the pyridine ring. (Figure 3 ) The reaction was also tested with the Moberg ligand 8. 24 From this test series (Table 1) one can conclude that benzyl substituted oxazolines
give lower selectivities as compared to 7 and 8; electron withdrawing substituent at the 5-position of the pyridine ring is not responsible for a lower enantioselectivity; and most importantly for this study, the AuNP catalyst 2 a selectivity better than a tradition polystyrene bound catalyst (entries 1 and 2). In conclusion, we have prepared a novel nanoparticle of a size never experimentally achieved before. Nanoparticles of this size have been predicted to be hollow, as supported also by our experimental analysis (CHN, ESCA, TEM). The PyOX-ligands surrounding the core are known to be effective ligands in asymmetric synthesis, thus allowing the construction of chiral organometallic catalysts on gold nanoparticles. This feature is demonstrated by using the novel particle 2 in a well-known catalytic reaction. Its selectivity is superior to its polymer-supported analogue and only somewhat poorer than that of the soluble benzyl analogue (6) . A catalyst designed like 2 is, however, being pursued for applications in e.g. flow reactors for higher efficiency, a feature barely applicable for soluble catalysts.
Experimental Section
Preparation of Au nanoparticles 2. In a 25 mL round bottomed flask under an atmosphere of Ar, 30 mg of particles 1 were dissolved in 5 mL toluene. The thiol ligand (33 mg, 96 µmol), prepared for this purpose 20 , was dissolved in 1 mL toluene was added to the solution via syringe.
After 25 days, particles 2 were precipitated by adding 6 mL absolute ethanol. The particles were filtered off using a Millipore 0.45 µm filter, air dried and analyzed with CHN-analysis and ESCA analysis. The size of the gold core was determined using TEM microscopy. CHN C 40.76 H 3.58 N 3.87, giving the approximate ratio Au : S : N = 1 : 1 : 1 calculated from compounds 1 and 2. 21 This gives the ratio between hexanethiolates and the active ligand sites as 1 : 1 (two nitrogen atoms on the active ligand and none on the hexanethiolate).
Asymmetric catalytic synthesis of 4. General procedure. 24 In a Schlenk apparatus, 5.4 mg (5.0 µmol of ligand sites, 6 mol-%) of ligand 2 was suspended in 3 ml THF (CH 2 Cl 2 for soluble and polymer supported ligands). To this solution was added 0.65 mg allylpalladium chloride dimer (1.8 µmol, 2 mol-%) / 0.30 ml THF. The mixture was cooled to -78°C and degassed with Ar for 15 minutes. After this, the solution was heated on a 50°C bath for 3 h. After this, it was cooled again to -78°C and 22 mg (87 µmol, 100 mol-%) of racemic 3 in 1 ml THF was added, followed by 20 µl (23 mg, 180 µmol, 200 mol-%) of dimethyl malonate, 65 µl (53 mg, 260 µmol, 200 mol-%) of N, O-bis-trimethylsilylacetamide and 2 mg (20 µmol, 20 mol-%) potassium acetate were added, followed by degassing with Ar. The mixture was lifted to ambient
